Outer membrane vesicles (OMVs) produced by Gram-negative bacteria provide an interesting research material for defining cellenvelope proteins without experimental cell disruption. OMVs are also promising immunogenic platforms and may play important roles in bacterial survival and pathogenesis. We used in-solution trypsin digestion coupled to mass spectrometry to identify 90 proteins present in OMVs of Vibrio cholerae when grown under conditions that activate the TCP pilus virulence regulatory protein (ToxT) virulence regulon. The ToxT expression profile and potential contribution to virulence of these proteins were assessed using ToxT and in vivo RNA-seq, Tn-seq, and cholera stool proteomic and other genome-wide data sets. Thirteen OMV-associated proteins appear to be essential for cell growth, and therefore may represent antibacterial drug targets. Another 12 nonessential OMV proteins, including DegP protease, were required for intestinal colonization in rabbits. Comparative proteomics of a degP mutant revealed the importance of DegP in the incorporation of nine proteins into OMVs, including ones involved in biofilm matrix formation and various substrates of the type II secretion system. Taken together, these results suggest that DegP plays an important role in determining the content of OMVs and also affects phenotypes such as intestinal colonization, proper function of the type II secretion system, and formation of biofilm matrix.
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HtrA family | in-solution digestion | biofilm formation | CTXϕ phage T he Gram-negative bacterium Vibrio cholerae is the etiologic agent of cholera, an acute and often fatal diarrheal disease (1, 2) . The 2010-2012 epidemic in Haiti provides proof that this devastating disease remains an ongoing public health threat (3) . Strains belonging to the O1 serogroup of V. cholerae are the major cause of epidemic and pandemic cholera, and these isolates can be further classified as belonging to either the classical or the El Tor biotypes (4, 5) . Although classical biotype V. cholerae strains are thought to have caused the first six pandemics, strains of the seventh pandemic El Tor biotype have now become dominant since their emergence ∼50 y ago (6) . Virulence gene expression by classical and El Tor biotype strains requires different in vitro growth conditions, and these parameters may reflect signals that exist within the human small intestine (7, 8) .
V. cholerae virulence gene expression is controlled by a transcriptional regulatory cascade that includes TCP pilus virulence regulatory protein (ToxT), a positive regulatory protein (9) as well as a small regulatory RNA and cyclic dinucleotides (10, 11) . Recent studies have shown that sodium bicarbonate can induce virulence gene expression by enhancing ToxT-activated gene expression particularly in El Tor strains (12, 13) . ToxT controls the expression of genes for cholera toxin (CTX) and toxin-coregulated pili (TCP), which are encoded by the bacteriophage CTXϕ (14) and the TCP chromosomal island, respectively (15) . Interestingly, small molecules that target ToxT are promising candidates for V. cholerae specific antivirulence drugs (16, 17) . Recently emerged strains of V. cholerae isolated from Bangladesh and Haiti express much more cholera toxin and TcpA (major pilin subunit that plays a significant role in microcolony formation by enabling pilus-pilus interactions) under laboratory conditions (18, 19) . However, in vitro conditions that allow clinical El Tor isolates to express morphologically polymerized TCP pili that can also function as receptors for CTXϕ phage have not been reported.
Gram-negative bacteria, including V. cholerae, use different types of secretion systems to transport important virulence factors to the cell envelope and the extracellular milieu. Outer membrane vesicles (OMVs) may also serve a function analogous to secretion systems in that they provide a means to transport envelope proteins beyond the cell surface (20) (21) (22) . Unlike other secretion systems, OMVs can carry insoluble membrane proteins, proteolytically unstable enzymes, and other nonprotein molecules (e.g., innate immune agonists such as lipopolysaccharide), all within particles that may stabilize and concentrate them until they can interact with host cell receptors. The surface of OMVs is thought to reflect the outer membrane composition of the bacterial cells whereas the lumen is predicted to contain mainly periplasmic components. Because some of these proteins have critical roles in host colonization, immune evasion, nutrient uptake, and tissue damage, it is thought that OMV production may be a property that is important to pathogenesis (23, 24) . Recently, it was reported that toxins produced by Escherichia coli and V. cholerae were carried by native OMVs (25, 26) . Additionally, OMVs may provide a survival advantage between competing species by virture of their bacteriocidal activity (27) (28) (29) . OMVs also show promise as vaccine antigen platforms, given their composition and physico-chemical properties (30) (31) (32) (33) (34) . For example, OMVs of V. cholerae have been shown to induce protective immunity in experimental animals (35) (36) (37) (38) (39) (40) (41) . Although these immunization studies demonstrate the potential of OMVs as novel vaccine immunogens, such investigations have not been fully Significance Identifying proteins localized on the surface and envelope of Gram-negative bacterial cells is an important problem in vaccine development and antibiotic target discovery. We show that the characterization of proteins associated with outer membrane vesicles (OMVs) released by Gram-negative cells provides a solution in that contamination with abundant cytoplasmic proteins (caused by cell lysis) can be avoided. Integrated at a systems level with other transcription and proteomic data sets, our research provides a view of the surface architecture of a pathogen undergoing host-programmed changes in gene expression. Also provided is the first evidence to our knowledge that secreted protein-folding quality control (a property of the DegP protease) influences the composition of OMVs and bacterial virulence, validating DegP as a target for virulenceblocking drugs.
integrated into a comprehensive proteomic analysis of the OMV protein content.
Various approaches have been used to characterize the protein content of OMVs from different human pathogens, including 1-and 2-dimensional electrophoresis (1-DE and 2-DE) (30, 32, 33) coupled with mass spectrometry (MS) (25, 31, 34) . Liquid chromatography coupled with MS (LC-MS/MS) has also been applied to define proteins associated with OMVs (42) but only in a limited fashion and never fully coupled with systematic genetic analysis for the role of OMV proteins in virulence or bacterial growth and survival.
In this study, we analyzed the protein content of OMVs derived from V. cholerae El Tor strain C6706 grown under conditions that active the ToxT regulon. By this approach, we identified 90 proteins, most of which are predicted to be outer membrane and periplasmic proteins. We have determined the extent of overlap between this group of OMV proteins with those encoded by genes that are (i) required for in vitro growth, (ii) required for efficient intestinal colonization of experimental animals, and (iii) known to be expressed in vivo by V. cholerae cells recovered from cholera patients and infected animals or activated by overexpression of the virulence regulator ToxT. This systematic approach identified a subset of interesting genes including VC0566, which encodes a DegP ortholog (43, 44) . We show that DegP is required for the secretion of biofilm matrix components and certain substrates of the type II secretion system. Furthermore, the activity of this enzyme strongly influences biofilm formation of V. cholerae, thereby associating the action of this enzyme with a process that is known to influence infectivity and the intestinal colonization process.
Results
Sodium Bicarbonate Treatment of El Tor C6706 Strain Causes in Vitro TCP Formation. To induce virulence gene expression and enrich the encoded proteins in the OMVs of V. cholerae El Tor C6706 strain, we used a recently described sodium bicarbonate induction method (45) . To determine whether this method, a derivative of the earlier "AKI" method of Iwanaga et al. (46) , activated ToxT gene and protein expression, we assessed assembly of TCP pili. These organelles are presumably expressed by El Tor strains in vivo, given that CTXϕ can infect such strains during intestinal infections (14) and that gene expression studies show strong up-regulation of TCP genes in both rabbit and mouse infections using El Tor strain C6706 (40, 47) .
We observed formation of TCP on C6706 cells grown in the presence of bicarbonate by viewing them using an immunogoldlabeled α-TcpA monoclonal antibody and transmission electron microscopy (TEM) (Fig. 1 A and B) . Additional evidence of TCP formation was obtained when we identified eight peptides of TcpA in our OMV preparation (Fig. 1C and Table S1 ). To confirm that functional TCP pili were being expressed by the wild-type El Tor strain C6706 grown under these in vitro conditions, we performed transduction assays using CTX-K m ϕ, a derivative of CTXϕ that uses TCP pili as receptors (14) . The efficiency of phage transduction of a recipient strain can be measured by determining the frequency of acquisition of the kanamycin (K m ) resistance gene encoded by CTX-K m ϕ (14). We found that both C6706 and a 2010 isolate from Haiti (strain H1) were infected by CTX-K m ϕ when sodium bicarbonate was added to growth medium whereas infection was greatly reduced in noninduced LB conditions (Fig. 2) . As expected, the classical strain 0395 was infected by the phage in the presence and absence of bicarbonate, and a ΔtcpA derivative of C6706 was completely resistant to phage infection under both conditions. These results confirmed that TCP expression and assembly occurs under these bicarbonate-treated culture conditions and prompted us to examine OMVs purified from cultures of strain C6706 grown in this manner. Nielsen et al. (45) reported that TcpA gene expression was significantly induced in cells 30 min after the addition of bicarbonate to an early exponential phase culture. Accordingly for OMV preparations, we added bicarbonate at OD 600 ∼0.4, incubated cells statically for 30 min, and then grew cultures in rapidly shaking flasks for 30-60 min. During this period we removed samples at 30, 40, 50, and 60 min and prepared OMVs from culture filtrates using an ultracentrifugation method (Materials and Methods). Because avoiding cell lysis is essential for producing high-quality OMV samples, we carefully examined the protein content of OMVs made at these four time points from the same culture. Fig. S1 illustrates the experimental approach used. In brief, purified OMVs were directly digested with trypsin, and the released peptides were identified by LC-MS/MS. Although the apparent protein content of the 40-, 50-, and 60-min samples was similar to the 30-min sample in terms of the most abundant proteins identified based on peptide count (Table S2) , we did detect some evidence of cell lysis at time points beyond 30 min based on the increasing prevalence of peptides in our tryptic digests that mapped to known abundant cytoplasmic proteins (Table S2) . Accordingly, we used only the 30-min time point to determine the protein content of our highest quality V. cholerae OMVs.
LC-MS/MS analysis of the OMVs collected at the 30-min time point identified 3,310 peptides encoded by the V. cholerae genome. By setting a cutoff of 2 or more predicted gene-encoded, protein-mapped peptides per individual protein identified, 629 peptides were mapped uniquely to 116 individual proteins (Table  S3 ). Because 15 of these proteins were flagellar proteins and 11 were identified with only one peptide, these 15 candidates were eliminated from our final list of probable OMV proteins (Table  S3 ). In total, 90 proteins were designated OMV proteins through this process, and this protein content was determined to be consistent with the theoretical mechanism of OMV formation in that Psort predicted that many (50%) of these 90 proteins were outer membrane (32 proteins) or periplasmic proteins (13 proteins) (Fig. 3A) . Of the 90 OMV proteins identified, 7 were predicted to be secreted, which is consistent with the periplasm location of many substrates of the type II secretion system (T2SS) (53, 54) ( Fig. 3A and Table S3 ). Compared with the theoretical proteome of V. cholerae, 45 outer membrane and periplasmic proteins were significantly enriched in the OMVs whereas only 7 of 2,536 cytoplasmic proteins were identified (Fig. 3B) . We classified the identified OMV proteins based on their predicted functions using The Institute for Genomic Research or UniProt databases (Fig. 3C ). Transporter proteins (n = 21) were the most abundant class represented within 10 functional groups, followed by outer membrane assembly proteins (n = 8), proteins with peptidase activity (n = 7), and proteins with different enzymatic activities (n = 5). Thirty other proteins identified on OMVs did not have predicted or characterized function.
The identified OMV proteins included many proteins that had known or putative roles in pathogenicity, including TcpA and TcpC (55, 56) , OmpU (57), accessory colonization factor AcfA (58), hemolysin (59), neuraminidase (60), cytolysin (61), serine protease (62), MSHA biogenesis protein MshL (63), TolB (64), TolC (65) , and biofilm matrix proteins RbmA, RbmC, and Bap1 (47, 66, 67) . The B-subunit of CTX was also identified in our OMVs, which is consistent with its being a periplasmic substrate for the T2SS (53, 54) , its presence in previously characterized OMVs of V. cholerae (26, 37) , and other studies that have detected surface-bound toxin subunits (68) .
Comparative Analysis of OMV Protein Content with Other GenomeWide Gene and Protein Expression Data Sets. The presence of TCP and CTX in the 30-min postbicarbonate OMV preparations that we characterized suggested that ToxT activation was indeed achieved under these culture conditions. Accordingly, we compared the protein content of these OMVs to the proteins that were predicted to be expressed based on RNA-seq data obtained from cultures where ToxT was ectopically overexpressed in strain C6706 (10) . Of five proteins identified in both groups, two were TCP-associated proteins, one was the B-subunit of CTX, and the last two were involved in maltose transport (Fig. 3D and Table  S4 , column A). These same five proteins were identified as the only overlapping OMV proteins compared with in vivo up-regulated genes in infected rabbits ( Fig. 3E and Table S4 , column B), and three of these were also transcriptionally up-regulated in V. cholerae during infection of infant mice (48) . Three of of these five proteins were shown to be also transcriptionally up-regulated in a different El Tor V. cholerae strain (N16961) when measured using microarray analysis and somewhat different, but AKI-related, conditions for ToxR activation (49) (Fig. 3F and Table S4 , column F). These results suggest that the OMV preparation characterized here was produced under conditions that correspond to in vitro ToxT activation using several different analytical tools and strains of V. cholerae.
We further asked whether the 90 OMV proteins identified were also among the proteins detected in samples prepared from the watery stools of patients infected with El Tor O1 V. cholerae in Dhaka, Bangladesh (50) . Indeed, 65 of the 90 OMV proteins that we identified here were also detected in these clinical samples collected from cholera patients ( Fig. 3G and Table S4 , column C). Thus, the protein content of our OMV preparation appears to largely reflect the pattern of protein expression that can be measured in V. cholerae cells that are being shed by human cholera victims.
Comparative Analysis of OMV Protein Content with Other GenomeWide Gene Functional Analysis Data Sets. The preparation of an ordered transposon insertion library of strain C6706 as well as Tn-seq analysis has recently facilitated functional studies on the genes required for growth in vitro (51) and in vivo in experimental animals (52) . Accordingly, we asked whether OMV proteins were among the gene products that had been identified as being essential under these growth conditions. Surprisingly, of 344 gene products that had been designated as essential for in vitro growth, only 9 were present in OMVs (Fig. 3H and Table S4 , column E). Nonetheless, these proteins might represent interesting candidates for drug targets, given their association with the accessible outer membrane or cell periplasm. Consistent with this idea, orthologs of these proteins have been validated as drug targets, given their essential roles in either lipopolysaccharide or outer membrane protein transport (69) (70) (71) (72) (73) (74) .
Similarly, of 401 gene products that were found to be important for efficient intestinal colonization in rabbits (52) , only 12 were detected as OMV proteins. (Fig. 3I and Table S4 , column D). Although some of these proteins are known components of essential virulence factors (e.g., TcpA and TcpC), the OMV location of others may reflect their participation in outer membrane modifications that are specifically important to interacting with the host environment.
DegP Is Essential for Colonization of Mouse and Infant Rabbit Intestine.
To further identify potential anti-infective targets, we focused on OMV proteins that were likely to encode enzymes because these proteins might be more susceptible to inhibition by small molecules. Disruption of five of the six genes encoding OMV proteins predicted to be enzymes did not alter the colonization fitness of C6706 in infant mice (Fig. 4A ). These five genes included genes encoding a lipase (VC0863), 5′-nucleotidase (VC2174), tail-specific protease (VC1496), serine protease (VC1649), and biofilmassociated extracellular matrix protein (VC1888) (62, 75) . However, inactivation of VC0566 (encoding a DegP ortholog) caused an ∼50-fold decrease in colonization relative to its wildtype (WT) parental strain. The magnitude of this defect was similar to that observed for the negative control (a toxT null mutant), suggesting that DegP is likely an essential determinant of intestinal colonization of this rodent species by V. cholerae.
Infection of infant rabbits provides arguably the best model for human cholera, given that oral-gastrically challenged animals exhibit the hallmark cholera clinical symptoms of watery diarrhea, dehydration, and death (76) . To further investigate the role of DegP during in vivo colonization of V. cholerae, we challenged infant rabbits with a degP insertion mutant (EC956) in competition with its WT parental strain. The EC956 mutant was recovered from our defined transposon insertion library (77) . Consistent with infant mouse competition assays, the degP mutant EC956 showed a significant colonization defect in infant rabbits ( Fig. 4B) . After 18 h of infection, the degP mutant was ∼100-fold less abundant in the distal small intestine and ∼30-fold reduced in colonization in cecal fluids. It is also worth noting that the degP mutant EC956 was one of the 401 mutants that was identified as colonization defective through an in vivo Tn-seq analysis that involved infant rabbit infections (52) . More recently, another study showed that both V. cholerae C6706 insertion and deletion mutants in degP were colonization-defective in infant rabbits (78) . Because degP appears to be a monocistronic gene in V. cholerae (as it apparently is in many other bacterial species), we elected to forgo attempts to complement EC956 in vivo, a procedure that frequently fails because of in vivo plasmid instability. EC956 also displayed normal growth kinetics compared with wild-type strains, no detectable auxotrophic phenotype, and a similar motility phenotype on agar swarm plates as its WT C6706 parental strain (Fig. S2 A and B) . Together, these results indicate that DegP is likely an important factor contributing to intestinal colonization but is not required for all cell-envelopedependent processes (such as those required for optimal growth or motility and chemotaxis by V. cholerae).
DegP Is Important for Biogenesis of Biofilm-Formation Proteins. DegP is predicted to be a protein of 456 amino acids in length that is composed of a trypsin serine protease domain (PF00089) and two PDZ domains (PF13180) (44) . In other organisms, DegP family proteases function as periplasmic chaperones involved in the quality control, processing, and maturation of extracellular and outer membrane proteins (43) . To understand the colonization defect caused by disruption of DegP, we scored the WT and degP mutant strain EC956 for TCP pili production. TEM results showed that loss of DegP did not have an obvious effect on the extracellular appearance of TCP pili (Fig. S2C) . Next we explored whether DegP was important to the production of other proteins detectable in the OMV fraction of V. cholerae. In total, 139 proteins were identified, including 18 flagella subunits from OMVs prepared from the degP mutant strain EC956 and its WT parental strain in two different experiments for each strain (Table S5) . Using this comparative screen, we identified nine proteins (with ≥5 unique peptides each) present in OMVs produced by WT cells that were absent in OMVs produced by the degP mutant EC956 (Table 1) . These proteins were classified into three groups according to their known or predicted functional categories with some known overlap: (i) biofilm formation (VC0928-RmbA, VC0930-RmbC, VC1888-Bap1, VCA0865-HAP), (ii) chitin utilization (VCA0140, VC1280 and VC0769), and (iii) proteins with unknown functions (VC0157, VC1280). The function of VC0157 is not characterized although its annotation suggests that it is a secreted protease. Additionally, five of these nine proteins are secreted by a type II secretion system (Table S6 ). These results suggest that DegP has an important function as a chaperone for secreted proteins found in OMVs and for proteins that contribute to chitin utilization and biofilm formation.
To test whether DegP is required for biofilm formation by V. cholerae, we measured the biofilm mass generated by wildtype and mutant strains under static culture conditions (Fig. 5) . These results indicate that DegP does enhance biofilm formation perhaps by facilitating the secretion of RmbA, RmbB, Bap1, and hemagglutinin protease (HAP) into the maturing biofilm matrix. It has previously been observed that these proteins contribute to the architecture of V. cholerae biofilms (53) . However, this insight does not explain the rabbit colonization defect of our degP mutant because individual mutants inactivated in genes encoding any one of these four DegP-dependent OMV proteins display no detectable colonization defect in infant rabbits (52) . Because some of these proteins are likely or known substrates of the T2SS (e.g., HAP) (53, 54), we checked for a defect in T2SS function and for sensitivity of the degP mutant (EC956) to bile salts (Fig.  S3) ; the latter is a known phenotype of mutants that have lost T2SS function (54, 52) . When we checked the 19 proteins reported to be secreted by T2SS (54, 79), 11 of them were identified in OMVs of V. cholerae (Table S6 ). Although inactivation of the degP gene caused the loss of six of these proteins in OMV preparations (Table S6) , inactivation of degP did not affect secretion of other five T2SS substrates present in OMVs. Thus, DegP depletion does not affect the function of the T2SS apparatus but simply its recognition of a subset of T2SS substrate proteins that may need DegP for their folding, stability, or as a Fig. 4 . Competition of V. cholerae strains using infant mouse and rabbit colonization models. (A) Ability of six different selected mutant strains to colonize the infant mouse intestine was compared with the parental strain. The dotted line indicates a competitive index of 1. Error bars represent SDs from at least four mice. The major virulence regulatory protein ToxT mutant was used as a negative control. Significance was determined by t test relative to colonization ratio of parental strains WT C6706 versus C6706 lacZ:Tn. ****P < 0.0001. Mean with SEM is shown. (B) Ability of degP mutant (EC956) strain to colonize the infant rabbit intestine was compared with the parental strain. The competitive index was determined for a phenotypically LacZ+ TnFGL3 insertion in lacZ (lacZ::Tn) when competed against its parental strain ΔlacZ WT strain (WT). The competitive index was determined for a phenotypically LacZ+ TnFGL3 insertion in degP mutant (EC956) when competed against its ΔlacZ parental strain (WT) either from the cecal fluid (Center) or distal small intestine (Right). ****P value < 0.0001 and **P < 0.01. Mean with SEM is shown. transport chaperone. Mutants carrying insertion genes encoding any one of these six T2SS-dependent and DegP-dependent proteins did not produce an intestinal colonization defect in infant rabbits (52) . Furthermore, the degP mutant EC956 displayed normal resistance to bile salts (Fig. S3) , suggesting that its colonization defect could not be explained by loss of T2SS function and resultant sensitivity to bile (52) .
Discussion
The bacterial outer membrane is the envelope layer of Gramnegative cells that is exposed to the extracellular environment and thus serves as the essential scaffold for extracellular organelles and polymers (e.g., lipopolysaccharide and capsules) as well as a barrier to the diffusion of toxic molecules. The extracellular processes that depend on the integrity of the outer membrane include those involved in pathogenesis such as assembly of adhesive organelles and protein secretion systems. Thus, a comprehensive understanding of the protein composition of bacterial outer membranes could influence efforts to develop anti-infective drugs as well as vaccines that target pathogenic Gram-negative bacteria. Here we show that proteomic analysis of OMVs of V. cholerae grown under virulence-inducing conditions can efficiently provide insights into the protein composition of this organism's outer membrane and, to a lesser degree, its periplasmic space. In-solution protease digestion coupled to mass spectrometry allowed us to identify 90 proteins present in OMV preparations of V. cholerae (Table S3 ). The presence of certain hallmark proteins such as TcpA, TcpC, and CtxB in this group of 90 proteins further suggests that the composition of the OMVs analyzed here reflects the state of the expression of the V. cholerae genome under ToxT-activation conditions and thus, to some degree, the physiological state of V. cholerae cells in the gastrointestinal tract of humans and experimental animals.
By performing systematic comparisons with various functional genomic data bases, we also showed that a moderate number of the OMV-associated proteins were apparently also involved in processes that were essential for cell growth in vitro or in gastrointestinal colonization in experimental animals in vivo. OMV proteins encoded by genes that are essential for cell growth represent intriguing drug targets simply because small molecules that interfere with their function may be less susceptible to cytosolic membrane processes such as drug efflux or impermeability. OMV proteins that are essential for host colonization included components of known virulence factors such as TCP but also novel proteins whose functions are not fully understood. For example, disruption of the gene coding a DegP ortholog caused a severe defect in V. cholerae intestinal colonization of both infant mice and rabbits (Fig. 4) . DegP also stands out as an interesting OMV protein because its protease function may make it a reasonable drug target, given that peptidomimic chemistry has led to drugs against various viral proteases (80, 81) . DegP is also a conserved protein in both Gram-negative and Gram-positive organisms, and this enhances its appeal as potentially a broad-spectrum antibacterial target.
The high-temperature requirement A (HtrA) family proteins (serine proteases) are involved in protein quality control in stress conditions. Among these, periplasmic DegP combines both protease and chaperone activities (43) . It behaves like a protein-packaging device that is adaptable to size and concentration of the substrate (44) . The fundamental role of DegP in guiding OMPs through the periplasm was recently shown (44) . The folded protomers of OMPs are encapsulated by DegP, and this entrapment is thought to provide protection during their trafficking through periplasm. The function of DegP proteins in bacterial pathogenesis has been reported for different pathogens. For example, a degP mutant of Streptococcus pyogenes was unable to efficiently process cysteine protease SpeB and the 
The results of comparative proteomic experiments on OMVs of the degP mutant (EC956) and its parental strain revealed nine proteins the abundance of which in vesicles is influenced by DegP. These proteins are classified according to the number of identified unique peptides. The following information is reported for each protein: National Center for Biotechnology Information gene ID, annotation, predicted subcellular localization (PsortB), and unique numbers of identified peptides. Fig. 5 . Effect of degP mutation on biofilm formation in V. cholerae. The wild-type and degP mutant (EC956) strains were inoculated into culture tubes and allowed to grow without shaking at room temperature for 24 h. Data presented are averages of three replicates and error bars represent calculated SDs (OD 570 of the crystal violet-stained biofilm).
hemolysin streptolysin, two important virulence factors of this organism (82) . In a different study, extended filamentous hemagglutinin polypeptide of Bordetella pertussis was shown to be protected by DegP chaperone activity (83) . The secreted DegP of Helicobacter pylori cleaves an important host factor (E-cadherin) to disrupt intercellular adhesion (84) . DegP of Chlamydia trachomatis was one of many immunogenic proteins in a microarray study based on human sera. Moreover, a vaccine study showed that the immunization with homolog of DegP confers protection against Vibrio harveyi in a fish model (85) . However, the function of DegP was not previously reported in V. cholerae.
In an effort to understand DegP function in V. cholerae and why loss of this protein causes a colonization defect, we performed comparative proteomic experiments on OMVs purified from the degP mutant EC956 and its parental strain. This analysis revealed nine proteins whose abundance in vesicles is influenced by DegP (Table 1) . Among these nine proteins, RmbA, RmbC, and Bap1 are major components of biofilm matrix and are known to enhance biofilm formation to different levels (86) . In a recent study, investigators concluded that Bap1 helps biofilms to adhere to surfaces whereas RmbC and and Bap1 encapsulate cell clusters attached to those surfaces (87) . Moreover, we found that HAP was also dependent on DegP for its OMV association (Table 1) . This protein has also been shown to be associated with biofilms of V. cholerae (53) . Thus, we performed biofilm studies, and, as expected, disruption of degP caused a significant biofilm defect for V. cholerae (Fig. 5) . A role for other degP orthologs in biofilm formation has been recently reported for Streptococcus mutans and Porphyromonas gingivalis (88, 89) . Similarly, Pseudomonas aeruginosa MucD (a DegP homolog) has been shown to respond to signals that lead to the degradation of MucA, with subsequent alginate overproduction driving biofilm formation (90, 91) .
It is unclear why the V. cholerae degP mutant characterized here displays an infant rabbit intestinal colonization defect, given that the loss of individual proteins that depend on DegP for their OMV localization did not show similar colonization defects. We propose that it is likely the cumulative effect of depletion of DegP on several important outer membrane functions that causes this virulence defect in infant rabbits and mice. One such function may be DegP's effect on in vivo biofilm formation. Recent results suggest that in vivo-formed biofilms of V. cholerae have enhanced infectivity at least in infant mice (92, 93) . However, mutations that affect in vitro biofilm formation have been shown to have variable effects on host intestinal colonization. For example, although a mutation in the rbmA gene caused a defect in intestinal colonization in infant mice, the doublemutant rbmC bap1 did not show a significant defect (94) . Zhu et al. also showed that a mutation at major biofilm component Vibrio polysaccharide synthesis (vps) gene (VC0920) did not affect the long-term persistence and colonization in infant mouse model (95) . It is also possible that the colonization defect of degP mutant EC956 may be related in part to its effect on Bap1 expression. Duperthuy et al. suggested a role for Bap1 in resistance to antimicrobial peptides; however, the role of these host innate immune factors during mucosal colonization of infant animals has not been fully evaluated (75) . Thus, understanding how the function of DegP influences intestinal colonization and biofilm formation will require additional studies that address both bacterial and host factors. Nonetheless, the work presented here suggests that small molecules that inhibit DegP function might be promising compounds for evaluation as anti-infectives for V. cholerae and other Gram-negative bacterial species. Although four DegP orthologs are encoded in the human genome (so-called HtrA proteins), these proteins are sufficiently diverged in primary sequence that they may not be susceptible to drugs that target bacterial DegP proteases, particularly if such hypothetical drugs target the PDZ2 domain, which is involved in recognition of unfolded bacterial proteins and is a domain that is not highly conserved in eukaryotic HtrA proteins (43, 44) . Further work will be needed to test the hypothesis that DegP is a valid target for the development of antibacterials that do not also target its eukaryotic orthologs. Bacterial Strains. V. cholerae strains used in this work are listed in Table S7 . V. cholerae El Tor biotype strain C6706 and a spontaneous lacZ derivative of C6706 were used as parental (WT) strains. Streptomycin (Sm; 100 μg/mL), kanamycin (50 μg/mL), and chloramphenicol (2.5 μg/mL) were included as needed. LB was used for normal growth conditions [10 g/L of tryptone (Bacto), 5 g/L of yeast extract (Bacto), and 5 g/L of NaCl] and was supplemented with 16 g/L of agar (Bacto) for growth on plates. 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) was used at 40 mg/mL.
Materials and Methods
Transduction Assays. Preparations of phage and transduction assays were conducted according to protocols described by Faruque et al. (96, 97) . CTX-K m used in this study was prepared from the culture strain O395, which carries the replicative form of the phage genome (6) . Recipient cells were grown in ToxT-activated conditions (adding sodium bicarbonate to LB growth culture as described above) or in normal LB growth culture. El Tor strains C6706 and H1 were tested for their ability to express TCP in sodium bicarbonate-added conditions whereas the 0395 classical strain and ΔtcpA (C6706) mutant were used as positive and negative controls, respectively. Approximately 10 5 cells
were mixed with 10 μL of the phage preparation inoculated into 5 mL LB and incubated 24 h at 30°C. The aliquots of the cultures were plated on LB plates containing kanamycin (50 μg/mL) or on plates with streptomycin (100 μg/mL). The ratio of K m -transduced colonies to the total number of colonies derived from the recipient strain was calculated and expressed as the percentage of recipient cells infected (6) .
Bicarbonate Induction of Virulence Genes and Preparation of OMVs. We used sodium bicarbonate to induce virulence gene expression by activating major virulence regulator ToxT (12, 45) . We optimized the method suggested by Nielsen et al. (45) to avoid cell lysis. Briefly, 5 mL of stationary-phase culture of a V. cholerae El Tor biotype strain C6706 LB was used to inoculate 445 mL of Hepes-buffered LB (50 mM Hepes, 1 μg/μL streptomycin). The cells were grown at 37°C with aeration until they reached an OD 600 of 0.4. The culture was induced by addition of 50 mL of sodium bicarbonate-buffered LB (1 M sodium bicarbonate), and the cells were incubated at 37°C for 30 min without aeration and another 30, 40, 50, or 60 min with aeration. OMVs for comparative proteomics experiments were prepared from LB cultures without bicarbonate induction (OD 600 of ∼0.9). The bacterial cells were removed by centrifugation (15 min, 4,500 × g, 4°C), and supernatant was filtered through 0.22-μm pore-size filters (Corning). Protease inhibitors (complete EDTA free protease inhibitor mixture, Roche) were added to filtrates to inhibit protein degradation. The filtrate was subjected to high-speed centrifugation (12 h, 100,000 × g, 4°C). Pellets containing OMVs were suspended with 300 μL of 5 mM of ammonium bicarbonate. Purified OMVs were stored at −80°C.
In-Solution Digestion and Protein Sequence Analysis by LC-MS/MS. In-solution digestions of OMVs were carried out overnight at 37°C by adding 5 ng/μL modified sequencing-grade trypsin (Promega) in 5 mM of ammonium bicarbonate. The standard protocol of the Taplin Mass Spectrometry Facility was used for mass spectrometry. Briefly, peptides were dried in a speed-vac (∼1 h), and samples were reconstituted in 5-10 μL of HPLC solvent A [2.5% (vol/vol) acetonitrile, 0.1% formic acid]. A nano-scale reverse-phase HPLC capillary column was created by packing 5 μm C18 spherical silica beads into a fused silica capillary (125-μm inner diameter × ∼20-cm length) with a flamedrawn tip. After equilibrating the column, each sample was loaded via a Famos auto sampler (LC Packings). A gradient was formed and peptides were eluted with increasing concentrations of solvent B [97.5% (vol/vol) acetonitrile, 0.1% formic acid]. As peptides eluted, they were subjected to electrospray ionization and then entered an LTQ Velos ion-trap mass spectrometer (ThermoFisher). Peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of specific fragment ions for each peptide.
Bioinformatics. Peptide sequences (protein identity) were determined by matching protein databases with the acquired fragmentation pattern with the software program Sequest (ThermoFisher). Sequest was run on a database containing protein sequences of the V. cholerae 01 (El Tor Inaba N16961) genome downloaded from NCBInr. A computational analysis of each identified protein was performed by PsortB to predict the subcellular localization (www.psort.org/psortb/). A computational analysis of each identified protein sequence was performed with the PSORTb v.3.0 package.
Infant Mouse Colonization Assays. Suckling mouse colonization competition assays were performed according to the protocol described by Davies et al. (10) for infection and recovery of C6706 strains. All strains were grown on LB-agar plates with streptomycin overnight at 37°C. Equal amounts of WT C6706 strain (carrying a neutral lacZ allele for identification) and transposon mutant strains were mixed together in LB. This competition mixture (50 μL or ∼50,000 bacteria) was inoculated into a 5-d-old CD1 mouse pup (Charles River Company). Serial dilutions of the competition mixture were plated in LB + Sm 100 + X-Gal and quantified to determine the input ratio of wild-type and mutant strains. After incubation at 30°C for 18 h, the mouse pups were killed and small intestines were removed and homogenized in 10 mL of LB. Serial dilutions were plated in LB + Sm 100 + X-Gal and quantified to determine the output ratio of wild-type and mutant strains. The competitive index for each mutant is defined as the input ratio of mutant/wild-type strain divided by the output ratio of mutant/wild-type strain. Statistical significance was determined by comparing the resulting ratio to the ratio of WT versus WT lacZ − . A minimum of four mice were assayed for each mutant strain.
Infant Rabbit Colonization Competition Assays. V. cholerae C6706 derivatives were initially grown overnight on LB-agar plates at 37°C. A fresh colony of each strain was inoculated into LB and incubated at 250 × g at 37°C for several hours until the OD 600 was ∼1.0. Wild-type (lacZ − ) and test strains (lacZ + ) were mixed together (1:1) in 2.5% (wt/vol) sodium bicarbonate buffer and inoculated into 2-d-old New Zealand White rabbit pups (total cfu ∼10 9 bacteria/animal). After 18 h or when symptoms were apparent, infant rabbits were killed, dissected, and a 1-cm sample of the distal small intestine was removed and homogenized in 1 mL of PBS, and cecal fluid was directly collected. Serial dilutions were plated in LB with Sm and X-Gal to enumerate the output ratio of the wild-type and mutant strain. The competitive index for each mutant is defined as the input ratio of mutant/WT strain divided by the output ratio of mutant/WT strain. A minimum of six rabbits were assayed for each mutant strain (52) .
Motility Assay. The bacteria were grown on a LB agar plate and inoculated into LB. Strains were grown at 37°C until exponential phase and diluted to an OD 600 of 0.1. Two microliters of this culture was daubed onto motility plates containing 1% tryptone, 0.5% NaCl, and 0.3% bactoagar. After incubation at 30°C for 48 h, motility zones were recorded with a digital camera.
Negative-Staining Electron Microscopy. A drop of OMV suspension was placed on Formvar/carbon-coated grids and adsorbed for 5 min. Grids were washed with distilled water and blotted with filter paper. For negative staining, grids were treated with 2% (wt/vol) uranyl acetate for 1 min, air-dried, and viewed with a Jeol JEM 1200 EXII electron microscope operating at 80 kV.
Biofilm Assay. The wild-type and transposon mutant V. cholerae strains were grown overnight on LB agar plates. Few colonies from each strain were resuspended in LB broth and incubated until the absorbance (OD 600 ) reached 0.6. A 1:100 dilution of this suspension was inoculated in LB broth into 10-× 75-mm borosilicate glass test tubes and incubated for 24 h at room temperature (66) . Subsequently, tubes were rinsed with distilled water and then filled with 1% crystal violet stain. After 15 min of incubation, the tubes were rinsed, and biofilm-associated crystal violet was suspended with dimethyl sulphoxide. The OD 570 of the resulting suspension was measured to evaluate biofilm formation. All experiments were performed at least three independent times and samples were also performed in triplicate. Error bars represent SDs.
Bile Resistance Assay. Overnight-cultured strains were subcultured to fresh LB medium and grown to OD 600 1.0 in LB with Sm. Strains were serial-diluted in LB. Five microliters of each dilution was daubed onto LB-ager containing 0.5% crude bile (bovine) and incubated overnight at 37°C. Each colony was counted.
